1. Introduction {#sec1-nanomaterials-10-01060}
===============

The orthopedic market experiences a continuous interest in bioresorbable materials, such as phosphates (based on calcium phosphate and calcium carbonate) and polymers. The former group includes hydroxyapatite (HAP) and beta-tricalcium phosphate (β-TCP), which are biocompatible materials whose chemical composition is very similar to the natural apatite found in bone tissue. The calcium phosphate ceramic can improve the bioactivity, osteoconductivity, and resorbability of composite biomaterials \[[@B1-nanomaterials-10-01060],[@B2-nanomaterials-10-01060],[@B3-nanomaterials-10-01060]\]. The market is interested in bioresorbable materials with high mechanical strength, and many studies have been conducted that seek to increase their mechanical properties. The calcium phosphate ceramic is used for cementite, coatings, three-dimensional (3D) printed scaffolds and drug delivery. Due to its brittleness, it cannot be used for implants that must withstand high loads and require high toughness; thus, its applications are limited. The strength limitations concern the present polymer-ceramic materials available on the market \[[@B4-nanomaterials-10-01060],[@B5-nanomaterials-10-01060],[@B6-nanomaterials-10-01060]\].

The most commonly used bioresorbable polymers belong to the group of polyesters that include polycaprolactone (PCL), polylactic acid (PLA) and their copolymers. These are biodegradable materials with degradation times from a few months to several years. They are used for orthopedic implants, such as sutures, bone plates, screws, and scaffolds, as well as aortic valves. In general, orthopedic implants must have specific biological properties (biocompatibility, osseointegration, non-toxicity), but also importantly, they must have mechanical properties that closely match those of the tissue they are replacing \[[@B7-nanomaterials-10-01060],[@B8-nanomaterials-10-01060],[@B9-nanomaterials-10-01060],[@B10-nanomaterials-10-01060]\]. Adequate strength is needed to ensure the transfer of stresses, to provide a base for bone growth and to stimulate the body, in order to regenerate and promote the growth of osteoblasts. For these reasons, an important material parameter for such solutions is Young's modulus (E). It is assumed that E should be about 12 GPa. Tschakaloff et al. found through in vivo tests using rabbits, based on a histopathologic analysis and computer tomography, that the application of copolymers did not exert a significant impact on the healing of bones. In turn, they observed a big decrease in the molecular weight of the implant made of copolymers over six weeks. They state in the summary of the outcome of the experiment that copolymers can be used if short-term fixing is required, i.e., the short-term strength of the material is required \[[@B11-nanomaterials-10-01060]\].

PLA and its copolymers are biocompatible and biodegradable materials, whose degradation times can be controlled through their structure and molecular weight. They are made of natural ingredients, and one of their advantages is that they can be processed easily, e.g., by the injection method. Their mechanical properties are as follows: Young's modulus = 2.7 GPa, tensile strength = 50 MPa, and degradation time up to two years \[[@B12-nanomaterials-10-01060],[@B13-nanomaterials-10-01060]\]. However, when compared to bone tissue, these mechanical properties are insufficient. For this reason, they are allowed by the U.S. Food and Drug Administration to be used in orthopedics only when high stiffness of the material is not required. Besides, this polymer is not osteoinductive, and its degradation products may cause local acidification in the body \[[@B13-nanomaterials-10-01060],[@B14-nanomaterials-10-01060]\]. Both industry and research have recently seen such activities as a development of the PLA matrix composites with bioactive phosphate ceramics (HAP, β-TCP). The ceramic content of such solutions is up to 10% \[[@B15-nanomaterials-10-01060],[@B16-nanomaterials-10-01060],[@B17-nanomaterials-10-01060]\]. The addition of ceramics should lead to an increase in E, improve biological properties, and neutralize acidification in the tissue surrounding the implant. However, the present solutions are insufficient regarding degradation characteristics and mechanical properties, and the implants cannot sustain heavy loads \[[@B18-nanomaterials-10-01060],[@B19-nanomaterials-10-01060],[@B20-nanomaterials-10-01060],[@B21-nanomaterials-10-01060]\].

Composites offer opportunities to design new materials by combining different material properties, e.g., combining the high compressive strength of ceramics with the high toughness of bioresorbable polymers \[[@B22-nanomaterials-10-01060]\]. By controlling the proportion and structure of such materials, we can improve their strength and Young's modulus and give them properties similar to natural bones. The use of hard bioactive ceramics improve composite stiffness and osteoinduction. There are several such solutions known in the literature \[[@B23-nanomaterials-10-01060],[@B24-nanomaterials-10-01060],[@B25-nanomaterials-10-01060]\]; however, they are not bioresorbable materials.

A strong interest in biomedical applications has led to PLA matrix composites with hydroxyapatite (HAP). These combine the osteoconductivity and bone-bonding ability of HAP with the absorbability and the easy processing of PLA and its copolymers. Jayabalan et al. described in their paper a composite of HAP NPs in a polymer matrix, with a compressive strength two times higher for the composite than for pure polymer. Their paper emphasizes that a combination of HAP NPs with the polymer matrix results from the modification of surface and calcination of HAP NPs. SEM images present 20 µm agglomerates of HAP NPs. The authors point to a large potential of the obtained material for bone fixation devices \[[@B26-nanomaterials-10-01060]\]. Calcium phosphate ceramics, such as HAP, are bioactive and similar to natural apatite found in bone tissue. Bone is a natural composite, consisting mainly of type I collagen, calcium phosphate, and water. Inorganic components account for 50--70% of the dry weight of bone, with the most important of them being crystalline nanohydroxyapatite \[[@B27-nanomaterials-10-01060],[@B28-nanomaterials-10-01060],[@B29-nanomaterials-10-01060],[@B30-nanomaterials-10-01060],[@B31-nanomaterials-10-01060]\]. Therefore, the composition of 1:1 by volume, proposed by the authors, has a potential for the production of osteoinductive materials with the required structure and engineering properties, which will be functional materials. Additional reinforcement comes from the use of stoichiometric HAP NPs. The nanostructure is preserved during processing.

Production of a material for a high-strength and bioresorbable implant is a complex problem. The composition of the composite is essential, but attention should also be drawn to its microstructure \[[@B24-nanomaterials-10-01060],[@B25-nanomaterials-10-01060],[@B26-nanomaterials-10-01060]\]. There are known methods for the preparation of composites with a high proportion of micrometric ceramics in the polymer matrix. Composites with a high ceramic phase content can be obtained by the infiltration of a ceramic matrix by a polymer, the mechanical grinding of components, or chemical methods (polymer dissolution and addition of ceramics) and extrusion \[[@B32-nanomaterials-10-01060],[@B33-nanomaterials-10-01060],[@B34-nanomaterials-10-01060],[@B35-nanomaterials-10-01060],[@B36-nanomaterials-10-01060],[@B37-nanomaterials-10-01060],[@B38-nanomaterials-10-01060]\]. Composite-forming methods can be axial or isostatic pressing. Russias et al. tested various proportions of a composite of polylactide and micrometric HAP particles. They proved that composites with the content of 70--80% of microHAP were characterized by mechanical properties corresponding to the human cortical bone. They also noticed that composites with such a composition were less homogeneous than those with less than 50% of HAP particles, i.e., more polymer. The SEM images presented in that publication disclose large HAP agglomerates. Russias et al. stated that the low polymer content in the composite and its non-uniform distribution did not achieve a high densification of the samples (for 80% of HAP they achieved the densification of 86%), which translated into unfavorable mechanical properties and degradation of the material \[[@B27-nanomaterials-10-01060]\]. It is a challenge to obtain a homogeneous material with good adhesion between the polymer and the ceramic. Such microstructures are a prerequisite for good mechanical properties. The greater the amount of ceramics, the more difficult the task. Gay et al. \[[@B38-nanomaterials-10-01060]\] describe the preparation of a composite of HAP NPs and PLLA by HAP NPs deagglomeration using wet attrition milling and further dispersion in chloroform. This procedure resulted in a homogeneous composite with an HAP NPs content of 25--50 wt%, which is characterized by a density of up to 97% and a maximum compressive strength of 100 MPa. Wolff et al. \[[@B24-nanomaterials-10-01060]\] describes obtaining a composite with 78 vol% of a ceramic using the spray granulation technology and uniaxial warm pressing. The obtained porosity is below 2 vol%. A previous article by Pietrzykowska et al. described methods of obtaining and forming the bioresorbable composite. The presented methods led to a composite with a preserved nanostructure and the compressive strength of 110 MPa. The presented work also showed problems with agglomeration of particles and their formation due to the amount of surface water in the nanopowder \[[@B39-nanomaterials-10-01060]\].

Moreover, composite filaments are created from phosphates and thermoplastic polymers. In their review paper, Fallon et al. underline the problem related to the increase in the quantity of the filler (i.e., ceramic particles) in thermosetting polymers per filament for 3D printing. They report that in line with the increase in the filler content, usually the decrease in homogeneity and dispersion of the composite, as well as the increase in viscosity are observed. This ultimately has an adverse impact on processability, the quality and the mechanical properties of the printed sample \[[@B40-nanomaterials-10-01060]\]. Dubinenko et al. describe a composite for 3D printing with the maximum HAP content of 50 wt%. The composite was obtained by dissolving PLA in chloroform, mixing with HAP in a ball mill, and subsequently after drying, it was processed in an extruder to obtain a filament for 3D printing. It was shown that the composite filament was characterized by a homogeneous structure. For 50%, a substantial increase of E to 8000 MPa was achieved, while pure PLLA has 2468 MPa \[[@B41-nanomaterials-10-01060]\].

Despite earlier studies on bioresorbable materials, there has been little research on composites with a bioactive ceramic matrix, combined with biodegradable polymers.

In this research, we focus on creating a composite characterized by a high degree of homogeneity, which can be formed from bioresorbable components. The base component of the composite is HAP NPs, which provides biological properties and strength (osteoinduction, Young's modulus, and compressive strength) \[[@B29-nanomaterials-10-01060],[@B42-nanomaterials-10-01060]\]. A polymer providing the implant with resistance to brittle cracking is the other component. Such a material could be used, for instance, for bone grafts. The application of such a biodegradable material in bone damage treatment reduces the risk of complications and the costs of treatment. The developed composite is characterized by a high homogeneity of the structure. A ceramic additive increases the strength of the thermoplastic polymer--polylactide (PLA) \[[@B43-nanomaterials-10-01060],[@B44-nanomaterials-10-01060],[@B45-nanomaterials-10-01060],[@B46-nanomaterials-10-01060],[@B47-nanomaterials-10-01060],[@B48-nanomaterials-10-01060]\].

2. Materials and Methods {#sec2-nanomaterials-10-01060}
========================

2.1. Materials Preparation {#sec2dot1-nanomaterials-10-01060}
--------------------------

In this study, HAP NPs were prepared by the wet chemical precipitation method from calcium oxide (Fluka, Munich, Germany), orthophosphoric acid (Sigma-Aldrich, Steinheim, Germany) solution, and deionized water. The HAP NPs granules were obtained by the spray drying method using a spray dryer (Mini Spray Dryer b-290, Buchi, Flawil, Switzerland) with a fitted nozzle with the diameter of 1.4 mm. The inlet and outlet temperatures of the nozzle were adjusted to 220 °C, and 96 °C, respectively. Aqueous dispersions of HAP NPs, with the HAP NPs concentration of 10 wt%, were prepared using the homogenizing device. The specific surface area of HAP NPs was 77 m^2^/g and the density was 2.83 g/cm^3^. The Ca/P ratio was 1.73. The HAP average particle size calculated, based on the specific surface area and skeletal density result was 28 nm, and the average crystallite size was 29 nm. The average size of HAP NPs was equal to the average crystallite size, which means that the HAP NPs were built of single crystals. [Figure 1](#nanomaterials-10-01060-f001){ref-type="fig"} shows the results of the powder X-ray diffraction (XRD) measurements of the HAP NPs.

PLA is a biodegradable and biocompatible synthetic polymer with the tensile yield strength of 62 MPa, tensile elongation of 3.5%, density of 1.24 g/cm^3^, and relative viscosity of 3.3. The polylactide used in this research is a commercial material with the trade name Ingeo biopolymer 3052D, produced by NatureWorks LLC, Minnetonka, MN, USA. The material takes the form of transparent granules, which are sized approximately 0.5 mm.

2.2. Materials Preparation {#sec2dot2-nanomaterials-10-01060}
--------------------------

Composite granules (PLA/HAP NPs) of HAP NPs and PLA with a high content (up to 80 wt%) of calcium phosphate phase were prepared by a solvent evaporation method. First, the determined amounts of PLA were dissolved in dichloromethane to achieve a composite with the total organic fraction of 20 wt%. Next, HAP NPs granules were suspended in the polymer solution and subjected to magnetic stirring for two hours at room temperature. Subsequently, we conducted a high-pressure impregnation of PLA solution in HAP NPs granules. The suspensions were cast into Petri dishes. The dishes were left at room temperature for 12 h in order to allow full evaporation of the dichloromethane. A powder of the composite granules was prepared using ball-milling (FRITSCH Pulverisette 5, Weimar, Germany) and cryo-milling (IKA^®^ A11 basic analytical mill, Staufen, Germany).

2.3. Forming {#sec2dot3-nanomaterials-10-01060}
------------

High-pressure forming was performed with three variants: (1) Cold high-pressure pressing, (2) warm isostatic pressing, and (3) a combination of the above two variants. [Figure 2](#nanomaterials-10-01060-f002){ref-type="fig"} shows the diagram of forming the composite. The LCP20 press in the Institute of High Pressure PAS was used during this research. The temperature was given and controlled by a proportional--integral--derivative controller (model RE93, Lumel S.A., Zielona Góra, Poland), together with a temperature sensor (T type thermocouple, model T-208p-K-1-300-40-2,5-SO-1-6-400, Termo-Precyzja, Wrocław, Poland).

Variant 1 involved cold pressing at a pressure of up to 1 GPa. The method involved filling a steel mold with the above-described granules and applying axial pressure at room temperature. Samples were kept under pressure for 10 s. The compaction density was investigated as a function of pressure. Five samples at 2 g each were pressed. A cuboid was formed with the dimensions of 4 × 4 × 35 mm. The mechanical strength was measured for three samples produced at a given pressure.

The second variant was warm isostatic pressing, with the consolidation temperature of up to 200 °C and the pressure of 75 MPa. Five samples at 2 g each of composite granules were placed in an elastic mold with the diameter of 8 mm and the height of 15 mm. These were pressed using isostatic pressure at 165 °C. The pressure vessel chamber was filled with methyl silicone oil. The optimum temperature was selected experimentally.

Variant 3, which involved combining the above methods in two stages, used the following two conditions:first, axial pressing at 1 GPathen, warm isostatic consolidation at the temperature of 165 °C and 75 MPa.

The mechanical properties and densification were investigated.

2.4. Materials Characterization {#sec2dot4-nanomaterials-10-01060}
-------------------------------

The density measurements were performed with a helium pycnometer (model AccuPyc 1330, Micromeritics, Norcross, GA, USA) using an in-house procedure.

The specific surface area (SSA) of the powders was measured by the Brunauer-Emmett-Teller (BET) method (model Gemini 2360, V 2.01, Micromeritics, Norcross, GA, USA). The average diameter of the particles was calculated based on the specific surface area and density, assuming that all of the particles were spherical and identical \[[@B49-nanomaterials-10-01060]\].

Chemical composition of the powders: The chemical composition analysis of the powders was examined by inductively coupled plasma optical emission spectrometry (ICP-OES) with induction in argon plasma (Thermo Scientific, iCAP 6000 series, Cambridge, United Kingdom). The samples analyzed using ICP-OES were prepared as follows: 5 mg of powder was weighed in a 110 mL Teflon^®^ vessel, and 15 mL of deionized water (HLP 20 UV, Hydrolab, Straszyn, Poland) was added. Then, 6 mL of HNO~3~ was added, and the solution was subjected to one microwave heating cycle in the microwave reactor (Magnum II, Ertec, Wroclaw, Poland). After cooling, the sample volume was replenished to 50 mL with deionized water.

The densification of the material was investigated as a function of pressure. The densification and porosity of the consolidated material were checked at a pressure between 100 MPa and 1000 MPa. The compressions of HAP NPs and PLA/HAP NPs composite as a function of pressure were compared.

The thermogravimetry analysis (TG) was carried out using an STA 449 F1 Jupiter by Netzsch (Selb, Germany). The analysis was performed with a heating rate of 10 °C/min; the top temperature was 200 °C.

The phase composition of the reaction products was analyzed by powder X-ray diffraction (Panalytical X'Pert PRO diffractometer, Cu Kα1, Panalytical, Almelo, The Netherlands). The patterns were collected at room temperature in the two-theta range 10--100° and with a step of 0.03°. The Scherrer equation determined the particle size.

SEM: The materials' structure was examined by scanning electron microscopy (SEM) using the Ultra Plus microscope (ZEISS, Oberkochen, Germany).

Uniaxial compression tests were carried out at room temperature using an MTS 858 (Eden Prairie, MN, USA) dynamic testing machine equipped with a ±15 kN transducer. The tests were conducted under the displacement control mode. The crosshead velocity was 20 μm/min. Strain was measured based on crosshead displacement. Samples with the length of 15 mm and the diameter of 8 mm were used for each test. Based on the load displacement data, the yield stress (YS) and ultimate compressive strength (UCS) were estimated.

Three-point bending tests were carried out at room temperature using an MTS QTest/10 (Eden Prairie, MN, USA) test universal testing machine equipped with a ±15 kN transducer. The tests were conducted under the displacement control mode. The crosshead velocity was 0.5 mm/min. Samples with the length of 20 mm and the cross-section of 4 mm × 4 mm were used for each test. The span was 12 mm. Based on the stress-strain curve, the ultimate bending strength was calculated.

The Vickers hardness measurement was performed using a hardness tester with a 100 g load.

Microcomputed tomography (micro-CT) was performed using SkyScan 1172 (Bruker, Kontich, Belgium), The X-ray source was 400 kV, 10 W, 5 µm pixel size.

3. Results and Discussion {#sec3-nanomaterials-10-01060}
=========================

The average size of granules obtained using the spray drying and infiltration technology was 80 μm and their density was 2.26 g/cm^3^. The ratio of HAP NPs to PLA, as measured by TG, was 20% PLA and 80% HAP NPs by weight. The phase composition of the composite granules was investigated by XRD, which showed that the HAP NPs structure was preserved ([Figure 1](#nanomaterials-10-01060-f001){ref-type="fig"}). The morphology of the granule samples was examined by SEM. The granules were round and homogeneous. PLA was well dispersed, and the boundary between the particle and the polymer was invisible (large areas of PLA were not observed). [Figure 3](#nanomaterials-10-01060-f003){ref-type="fig"}a shows the size of the composite granules, and [Figure 3](#nanomaterials-10-01060-f003){ref-type="fig"}b,c shows the spherical structure, density, nanoporosity, and size of HAP NPs. TG studies confirmed the proportion of HAP NPs and PLA as 80:20 by weight. The melting point of PLA was 175 °C. Nanoparticles tend to form agglomerates, which is the main obstacle in the formation of a homogeneous composite \[[@B50-nanomaterials-10-01060],[@B51-nanomaterials-10-01060],[@B52-nanomaterials-10-01060],[@B53-nanomaterials-10-01060],[@B54-nanomaterials-10-01060]\]. In our case, the obtained granulate is a controlled agglomerate of HAP NPs infiltrated with PLA. [Figure 3](#nanomaterials-10-01060-f003){ref-type="fig"}c presents the achieved high homogeneity of the nanocomposite, at the same time preserving the structure and phase composition of HAP NPs.

The results of the forming using axial pressures of up to 1000 MPa (at room temperature) are as follows. [Figure 4](#nanomaterials-10-01060-f004){ref-type="fig"} shows a densification graph of PLA/HAP NPs composite granules. The materials were compared with pure HAP NPs as a function of pressure. The densification increased in line with the forming pressure. We see the fastest density increase in the range of up to 200 MPa. After that, the density increased slowly. Between 800 MPa and 1000 MPa, the densification was only a few percent. The densification of composite granules was higher than that for pure HAP NPs. For HAP NPs, we obtained a maximum densification of 82%, whereas for the composite granules it was 90%. An even better degree of densification was achieved for the composite granulate because round granules filled the steel mold more precisely, which is proven by the rapid increase in the densification ([Figure 4](#nanomaterials-10-01060-f004){ref-type="fig"}). We are convinced that PLA in the composite fulfilled the role of a lubricant for HAP NPs, which ultimately enabled the achievement of a higher degree of densification. These results are similar to those achieved by Rakovsky et al. \[[@B34-nanomaterials-10-01060]\].

The results of compaction, using the warm isostatic technology, are as follows. The optimal compaction temperature for the composite of 80% HAP NPs and 20% PLA was 155 °C at a pressure of 75 MPa. The results of the warm isostatic technology at a temperature below the melting point (glass transformation: 60 °C at normal pressure) were checked. We managed to obtain solid moldings with a densification of 30% and a compressive strength of 100 MPa. When comparing this variant of forming with variant I, we noticed that, in order to achieve the densification of 70% in variant I (i.e., without temperature), the necessary pressure required is 300 MPa. In variant II, the applied temperature of 155 °C is the melting point of PLA, which contributes, together with pressure, to the viscosity of the polymer, thereby increasing the slip in the composite. Due to the high dispersion of the polymer and transition to the plastic state of PLA, the densification of 70% is achieved at 75 MPa and 165 °C.

After comparing the results of both variant, being axial pressure pressing and warm isostatic pressing, we selected and applied the best parameters for forming the composites in the third variant. The characteristic properties of compaction, compressive strength, and bending were compared. First, dense composite samples were obtained by axial pressing at 1000 MPa at room temperature. Then, the filled mold was placed in a steel chamber for isostatic pressing. The isostatic pressing process was carried out at the temperature of 155 °C and pressure of 75 MPa. The samples were kept in these conditions for 12 minutes. Then, they were removed from the vessel and cooled in air. The densification difference was observed after high-pressure densification and warm isostatic consolidation at 155 °C. During this experiment, the pressure was optimized for maximum densification of the composite material. The green body of the composites was condensed up to 85%.

The densification, porosity, and mechanical properties were investigated. The results are shown in [Table 1](#nanomaterials-10-01060-t001){ref-type="table"} and [Figure 5](#nanomaterials-10-01060-f005){ref-type="fig"}. The highest densification displayed by the samples that were pressed using the two steps was 99%, whereas that displayed by the cold-pressed samples was only 80% ([Figure 6](#nanomaterials-10-01060-f006){ref-type="fig"}). In [Figure 5](#nanomaterials-10-01060-f005){ref-type="fig"}, we observed the increase in mechanical properties along with the rise in the degree of compaction. The best results were obtained for the third variant (the two-stage forming), in which the cold-pressed material at 1000 MPa was then compressed at 165 °C at a lower pressure. This process was carried out at the softening temperature of the polymer, which allowed the polymer to combine, and resulted in an increase in bending strength. The two-stage pressing was based on the maximum ceramic densification in the first step and on infiltration of the polymer in the second step. The combination method caused the removal of material stresses. It is not simple to remove the porosity when the densification degree is above 90% for ceramic nanocomposites \[[@B27-nanomaterials-10-01060]\]. The combination of two pressing methods permitted the application of variant I of the granulate, which improved mold bulk density and filling. In variant II, the polymer was used as a lubricant and adhesive.

Structural investigations showed a very homogeneous structure of the composites. The fracture surfaces of the samples after the bending tests showed that the structure of the composite was very homogeneous and brittle ([Figure 6](#nanomaterials-10-01060-f006){ref-type="fig"}). Gay et al. \[[@B38-nanomaterials-10-01060]\] described that "At higher mineral contents, the rupture mechanism of the composite changes from ductile to brittle". High-pressure pressing led to a high compaction of the composites. We assumed that the PLA polymer present in the composite granules acted as a lubricant during pressing. In the course of warm isostatic pressing, which took place at the softening temperature of the polymer, both compaction and infiltration occurred. We observed that the polymer in the ceramic matrix at the softening temperature combined. The effect was to increase the compressive and bending strength of the samples.

The micro-computed tomography studies of the composition and porosity of the composite formed by the third variant showed the porosity of up to 1 vol%. The PLA volume fraction was 21%. A three-dimensional reconstruction showed that the structure was homogeneous. [Figure 7](#nanomaterials-10-01060-f007){ref-type="fig"}a shows a top view of the sample: Violet color pores are disclosed against a yellow background, their share is 1% of the volume. The micro tomography tests did not disclose a two-phase nature of the obtained composite. At the resolution level of 5 μm of the device, the material is homogeneous. [Figure 7](#nanomaterials-10-01060-f007){ref-type="fig"}b is a side view and consequently it shows a distribution of porosity and homogeneity of the material in the cross-section.

The mechanical properties of the composites were compared with the mechanical properties of polylactide and the sintered ceramic body with HAP NPs from the literature. The highest compressive strength for a sintered HAP NPs composite was 208.6 MPa \[[@B53-nanomaterials-10-01060]\]. Dan Wu et al. obtained compressive strength below 80 MPa for PLA and its composites \[[@B54-nanomaterials-10-01060]\]. The result is unique in terms of the achieved high homogeneity of HAP NPs and of the polymer in the obtained granulate. Ultimately, a solid sample, with a hybrid structure and good mechanical properties, was obtained.

As the bending strength did not change, we did not observe changes related to the blocking of cracks as we did with a decrease in porosity. As widely known, the decrease in porosity and internal stresses increase the strength. We monitored the hardness of the formed composites. The cold-pressed samples had the highest repeatability of results. The warm-pressed samples, probably because of porosity, had the smallest hardness HV1. The mixed method allowed us to obtain materials with a good repeatability of results, and HV1 was 52 ± 5.

In summary, the two-step method allowed us to achieve very high densification and mechanical properties. This was possible because a tight bonding between PLA and HAP NPs was obtained within the pores of the infiltrated granules, and because the granules presented excellent properties for the isostatic pressing technology.

A highly dense and homogeneous composite was formed as a result of the use of pressing technologies. The results are promising because a composite, characterized by a high dispersion of nanoparticles, was obtained, at the same time preserving their phase structure. The next step should include a degradation test with in vitro conditions. The composites obtained by our method have stronger mechanical properties than similar materials previously discussed in the literature. In the literature, Wolff obtained a composite with 78 vol% of a ceramic, using the spray granulation technology and uniaxial warm pressing. The obtained porosity was below 2 vol% and the mechanical strength was 100 MP \[[@B39-nanomaterials-10-01060]\]. These results prove a novelty: The achievement of a highly homogeneous material with a high quantity of ceramic particles. The high degree of homogeneity of the composite granules contributed substantially to the compressibility of the material and its final properties.

4. Conclusions {#sec4-nanomaterials-10-01060}
==============

The results of this paper constitute a response to the lack of sufficient mechanical strength of the bioresorbable composites being hydroxyapatite nanoparticles in a polymer matrix (e.g., polylactic acid (PLA)) for bone substitution purposes in bone regeneration, which have been obtained so far. The aim and novelty of the research was to obtain a homogeneous hybrid composite, characterized by a high degree of densification, with the HAP NPs content of up to 80 wt%, without the presence of agglomerates of NPs.

We have developed a two-step method for a bioresorbable composite with a very high content of a ceramic in a polymer matrix. The composite has potential for orthopedic applications as it achieved the compressive strength of 375 MPa, the Young's modulus of 7 GPa, and the densification of 99%. The first step was to prepare composite granules of porous HAP NPs granules and PLA by high-pressure infiltration. The second step was the consolidation of the composite granules.

Three consolidation variants for the forming were tested. The best results were obtained by compaction in the third variant: uniaxial cold pressing and subsequent isostatic pressing at 155 °C. We successfully formed a composite, consisting of HAP NPs at 80 wt% and a bioresorbable polymer (PLA) for the balance. The composite had a homogeneous structure, and we observed good adhesion between the polymer and the ceramic. The obtained composite had an average HAP NPs particle size of 28 nm. This approach permitted us to consolidate the composite without nanoparticle growth and degradation of the polymer.

The technology can be used to form a thermosetting composite with a high content of a ceramic phase at a relatively low temperature of up to 200 °C. The manufactured composites are promising materials for applications such as implants in bone regeneration.
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![Diagram of the 80% HAP NPs + 20% PLA composite production process.](nanomaterials-10-01060-g002){#nanomaterials-10-01060-f002}

![(**a**--**d**) The morphology of the HAP NPs and composite granules. (**a**) shows the structure in HAP NPs at the magnification of 100,000×, (**b**--**d**) composite granules of HAP NPs-PLA at the magnification of 500×, 5000× and 100,000×.](nanomaterials-10-01060-g003){#nanomaterials-10-01060-f003}

![Densification of HAP NPs and composite granules (80 wt% of HAP NPs, 20 wt% of PLA) achieved during the uniaxial cold pressing.](nanomaterials-10-01060-g004){#nanomaterials-10-01060-f004}

![Comparison of three variants of forming, their impact on densification and porosity.](nanomaterials-10-01060-g005){#nanomaterials-10-01060-f005}

![Fracture surface morphology of HAP NPs-PLA dense composites after a bending test for variant III, (**a**) Fracture at the magnification of 500×, (**b**) Composite structure at the magnification of 100,000×.](nanomaterials-10-01060-g006){#nanomaterials-10-01060-f006}

![Three-dimensional reconstruction of HAP NPs (yellow) PLA (transparent) and pores (violet) using micro-CT, cylinder 4 mm height, 4 mm diameter: (**a**) Top view, (**b**) side view.](nanomaterials-10-01060-g007){#nanomaterials-10-01060-f007}
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###### 

Mechanical properties of the 80% HAP NPs + 20% PLA composite for different variants.

  ---------------------------------------------------------------------------------------------
  Parameter                        Variant 1\        Variant 2\        Variant 3\
                                   (Cold Pressing)   (Warm Pressing)   (Cold + Warm Pressing)
  -------------------------------- ----------------- ----------------- ------------------------
  **Compressive strength (MPa)**   180 ± 7           100 ± 6           370 ± 7

  **Bending strength (MPa)**       19 ± 5            19 ± 4            23 ± 4

  **Porosity (%)**                 20                30                1
  ---------------------------------------------------------------------------------------------
